Kaiho, Hiromi, Junko Kimura, Isao Matsuoka, and Hironori crease in the ATP-induced current when external Cl 0 was Nakanishi. Effects of anions on ATP-activated nonselective cation replaced with methanesulfonic acid (MS 0 ). In the present current in NG108-15 cells. J. Neurophysiol. 77: 2717Neurophysiol. 77: -2722Neurophysiol. 77: , 1997. study we investigated the effects of various external anions Extracellular ATP induces a nonselective cation current and ele-on the ATP-induced nonselective cation current with the vates intracellular Ca 2/ concentration via P 2Z receptors in NG108-patch-clamp technique in NG108-15 cells.
15 cells. We found that the ATP-induced nonselective cation current became larger in methanesulfonic acid (MS 0 ) than in Cl 0
M E T H O D S
external solution. We therefore examined the effects of various external anions on the ATP-induced cation current with the use of
Cell culture
the whole cell patch-clamp technique. The concentration-response curves for ATP were obtained in different anionic external soluNeuroblastoma 1 glioma hybrid NG108-15 cells were grown in tions. The maximum current density (I max ) and the concentration high-glucose Dulbecco's modified Eagle's medium supplemented of agonist that gives 50% of maximum response (EC 50 ) value of with 7% fetal bovine serum, 100 mM hypoxanthine, 0.4 mM ATP were obtained by fitting the curves with the use of the Hill aminopterin, and 16 mM thimidine. Cells were grown in 12-well coefficient of 2. The apparent I max decreased in the order of aspartic plates in a humidified atmosphere of 10% CO 2 -90% air at 37ЊC. / , a major cation carrying the ATP-induced of each anion (Na / salt) was used instead of NaCl in Tyrode current. We conclude that extracellular anions inhibit the ATPsolution and KCl, CaCl 2 , MgCl 2 , and D-glucose were omitted. To induced nonselective cation current at least partly by interfering replace Cl 0 with aspartic acid (Asp 0 ) and MS 0 , each anion was with ATP binding to the P 2Z receptor, which is associated with the mixed with 140 mM NaOH and pH was adjusted to 7.4 with Asp spectively (Burnstock 1986; von Kügelgen and Starke 10 ethylene glycol-bis(b-aminoethyl ether)-N,N,N,N-tetraacetic 1991) . Released ATP interacts with postsynaptic P 2 purino-acid, and 20 HEPES, pH 7.2. ceptors, of which various subtypes have been recognized (Dalziel and Westfall 1994; Fredholm et al. 1994 ; Kennedy Membrane current recording and Leff 1995). Among these, P 2X , P 2Y , and P 2U (Webb et al. 1993) receptors have been cloned. P 2X receptors are thereby Single NG108-15 cells were dispersed in a bath on the stage of further classified as P 2X1 (Valera et al. 1994 (Valera et al. , 1995 , P 2X2 an inverted microscope (Nikon), and were continuously perfused with the external solution. The temperature of the external solution (Brake et al. 1994; Lewis et al. 1995) , P 2X2-1 (Housley et was kept constant at 36 { 1ЊC (mean { SE). Currents were real. 1995), P 2X3 (Chen et al. 1995; Lewis et al. 1995), P 2X4 corded by a patch-clamp amplifier (EPC-7, List Electronic, Darm- (Bo et al. 1995; Buell et al. 1996) , P 2X5 , stadt, Germany) in the whole cell mode (Hamill et al. 1981). and P 2X6 . The P 2Y receptor is also subBriefly, a gigaohm seal was formed with a patch pipette having a classified into P 2Y1 through P 2Y7 (Abbracchio and Burnstock tip diameter of 1-1.5 mm and an input resistance of 2-4 MV. The 1994). More recently, the P 2Z receptor has been cloned as current-voltage (I-V ) relation was obtained with the use of ramp the P 2X7 receptor .
pulses from the holding potential of 010 mV to 60 mV, then to
We reported previously that ATP induces a nonselective 0110 mV and back to the holding potential at a speed of Ç0.7 V/ cation current and increases intracellular Ca 2/ concentration s with a function generator (FG-121B, NF, Yokohama, Japan) in NG108-15 cells via P 2Z receptors (Kaiho et al. 1996) . (for details see Miura and Kimura 1989). The ramp pulses were applied at a 3-s interval. The current density was calculated by During the course of the experiment, we observed an in- tion in the presence of Ca 2/ and Mg 2/ . In the whole cell clamp mode, ATP at 1 mM induced a nonselective cation dividing the current amplitude by the membrane capacitance of current that showed an inwardly rectifying property with a the cell. The membrane capacitance was calculated from the capac-mean E rev of 12.5 { 0.8 mV (n Å 10) in Cl 0 solution ( Fig. itative current, which was a half-value of the difference between 1). In the same cell, the external Cl 0 was totally changed the descending limb and ascending limb currents in response to to MS 0 and 1 mM ATP was applied again. The nonselective ramp pulses. The data were acquired on-line with the use of a cation current was again activated, and crossed with the NEC PC-9801RX computer. The liquid junction potentials (LJPs) between the 140 mM KCl-indifferent electrode and the bath solu-control at 18.2 { 1.4 mV (n Å 9). This E rev value as well tion were measured by filling a patch pipette with 3 M KCl, ad-as all the following E rev values are after LJP compensation, justing the zero current voltage to 0 mV in Tyrode solution under whereas the I-V curves, including that in Fig. 1 , are shown the current-clamp mode, and then measuring the potential in all without LJP compensation. The current magnitude was the anionic solutions tested, including the partial replacement of larger but the inward rectification was less prominent in anions. LJP was 010.7 mV in Asp 0 , 07.9 mV in MS 0 , 04.2 mV in F 0 , 00.2 mV in Br 0 , 0 mV in Cl 0 , and 0.1 mV in I 0 solution with the total replacement. All I-V curves shown in the figures are without LJP compensation. However, all the reversal potentials (E rev s) of the current described in the text are after LJP compensation.
Calculation of maximum current density and median effective concentration
Each set of data of the concentration-response relation in different anions ( 
where i is current density, I max is maximum current density, n is the Hill coefficient, EC 50 is the half-maximum value of ATP, and [ATP] is the concentration of ATP. In the Marquardt methods, the data fitting depends on the initial values inserted, and does not necessarily provide satisfactory results. Thus we first ran the program with roughly estimated values for I max and EC 50 and, with the use of the values obtained from the first run, the second run was made. With these dual trials, the correlation coefficients were improved to be 0.87-0.99. We adopted the values obtained from the second run as final data (Table 1) .
Drugs
The following chemicals were used: high-glucose Dulbecco's We performed another set of experiments to measure E rev at different anion concentrations to check the anionic permeability. The external concentration of sodium methanesulfonate (NaMS) was varied from 140 mM to 105, 70, and 35 mM while the total osmolarity was kept constant by adding mannitol, an uncharged molecule. The external solution did not contain Ca 2/ and Mg 2/ . Under these conditions, if cation was a major current carrier, E rev should shift in the negative direction as the external cation progressively decreased. By contrast, if anion carried the current, E rev should shift in the positive direction. As shown in Fig. 2 , as the NaMS concentration decreased, the current induced by 125 mM ATP became progressively smaller and E rev shifted in the negative direction. The average E rev s were 012.4 { 1.8 mV (n Å 7), 1.4 { 1.2 mV (n Å 6), 6.9 { 0.3 mV (n Å 8), and 12.4 { 0.6 mV (n Å 14) at 35, 70, 105, and 140 mM NaMS, respectively, after LJP compensation. The plot of E rev against the Na / concentration (not shown) produced a line that could be fitted by the equation E rev Å 41 log(P Na [Na / ] o /P Cs [Cs / ] i ), where P Na and P Cs are the permeability of Na / and Cs / , respectively. Because the slope of 41 was significantly smaller than 61, the value predicted from an ionic pathway purely selective for cations, this result indicates that the major carrier of the ATP-induced current is cations, but anions may also carry the current as a minor component. concentration-response curves the double reciprocal plot (Li-the capacitance of each cell. The concentration-response relation is plotted in Fig. 5 . When the Hill plot was performed neweaver-Burk plot) was performed (Fig. 3B) . All three lines of the reciprocal plot crossed each other on the X-axis. This for the data in each anion, the Hill coefficient was Ç2 for all the cases. The I max and EC 50 values obtained by fitting result indicates that external Cl 0 is a noncompetitive inhibitor with respect to external Na / in the ATP-activated nonselective the data as described in METHODS are summarized in Table  1 . Both I max and EC 50 values were affected by anions, indication channel in NG108-15 cells.
Relation between external Cl
cating that anions are a mixed-type inhibitor with respect to ATP. and Ca 2/ , and thereby change the ATP 40 concentration, which is the most effective form of ATP for stimulating the P 2Z receptor (Kaiho et al. 1996) . Thus Ca 2/ and Mg 2/ were omitted from the external solution to check this possibility. following possibilities that anions affect the ATP-induced and that for the EC 50 values are slightly different, which may also support this view. current. 1) Anions pass through the ATP-activated ionic The molecular weight of the anions used was Asp (Araki et al. 1961) . These sequences are similar, but do ATP 40 , which is the most effective form of ATP for stimunot precisely correspond to either of those for the current lating the P 2Z receptor. 3) Anions alter the activity of external magnitude or for the EC 50 values. In any case, the inhibitory cations that carries the ATP-induced current. 4) Anions inactions of the anions tend to decrease with a large molecular terfere with the binding of ATP 40 to the receptor by competweight or ionic radius. Large anions like Asp 0 and MS 0 ing with this negatively charged agonist or through an allomay not fit to the site where smaller halide ions bind and steric mechanism.
Effects of various anions on ATP-induced current
block the effect of ATP. For the first possibility, Thomas and Hume (1990) demon-
The sequence of the halide anions for I max was F 0 ú strated a class of ATP-activated channels permeable to both Cl 0 ú I 0 ¢ Br 0 , and that for the EC 50 values was F 0 õ cation and anion in the developing skeletal muscle. In our Br 0 õ Cl 0 õ I 0 . These sequences are similar to that of cells, cation is a major carrier of the ATP-induced current hydration energies of the anions, which are F 0 (121 kcal/ and anions appear to be a minor component, if permeable mol) ú Cl 0 (90 kcal/mol) ú Br 0 (82 kcal/mol) ú I 0 (71 at all, from the results shown in Fig. 2 We also examined the effect of external Cl 0 on external permeability may not be large enough to affect overall ATPNa / passing through the channel by constructing the concenactivated current and thus may not be the cause of the differtration-response curves for [Na / ] o and the current at two ence in the current magnitude. E rev s are more positive in the different Cl 0 concentrations, i.e., 35 and 0 mM (Fig. 3A) . presence of Ca 2/ and Mg 2/ than in the absence of the diva-External Cl 0 was replaced with Asp 0 or MS 0 . The three lent cations. This effect of the divalent cations can be ex-lines of the double reciprocal plots of the concentrationplained by their influence on surface charge or their perme-response curves cross each other on the X-axis (Fig. 3B) . ation through the channel in addition to monovalent cations Therefore external Cl 0 is a noncompetitive inhibitor with (Kaiho et al. 1996) .
respect to external Na / in the ATP-induced cation channel. The second possibility is unlikely, because the effect was The anions may not compete with Na / permeating through obtained both in Mg 2/ -and Ca 2/ -containing and -free solu-the ATP-activated channels. tions. For the third possibility, if the anions alter the activity All the concentration-response curves in Fig. 5 were fitted of cations in the external solution, E rev should be changed. well with the Hill coefficient of 2. The lack of changes in E rev of the current showed minor shifts in the various anions the Hill coefficient indicates that the anions do not affect in the following order: I 0 (5.6 { 2.2 mV) õ Cl 0 (10.5 { factors that may contribute to the slope of the concentration-0.9 mV) õ Asp 0 (11.2 { 0.3 mV) õ MS 0 (12.4 { 0.6 response relationship, such as the cooperativity of the purimV ) õ F 0 (13.4 { 0.8 mV) õ Br 0 (21 { 0.8 mV). Statisti-noceptors or the number of ATP molecules required for the cal significance was seen only for E rev s between Br 0 and channel activation. Akaike et al. (1989) found that replace-I 0 , but not for those among Cl 0 , Asp 0 , MS 0 , and F 0 . This ment of external Cl 0 to Br 0 shifted the EC 50 value of gorder does not correspond to that of I max . Thus the change aminobutyric acid to the right in the g-aminobutyric-acidin the external cationic activity, if it occurs, cannot account activated anionic current in bullfrog sensory neurons. This for the change in the current magnitude observed.
shift is similar to our result. Thus there is a possibility that To investigate the fourth possibility, we analyzed the con-the receptors for negatively charged ligands might be more centration-response curves for ATP and the current in differ-or less affected by external anions. ent anions. As shown in Fig. 5 (Cuppoletti and Sachs 1984) , at 1 affects the binding of ATP. The decrease in I max by the anions mM did not affect the ATP-induced current (not shown). may indicate that there is an additional noncompetitive site Thus the results in this report may not be related to the ATPfor the anions in the P 2Z receptor to diminish the current activated Cl 0 channels. In conclusion, the ATP-induced nonselective cation curmagnitude. The sequence of anions for the maximum current J825-6 / 9k11$$my20 08-08-97 12:56:06 neupa LP-Neurophys 218, 1994. may give an important insight for considering the structure HOUSLEY, G. D., GREENWOOD, D. J., BENNETT, T., AND RYAN, A. F. Identiof the P 2Z receptor. Whether this anionic effect is also true for fication of a short form of the P2xR 1-purinoceptor subunit produced by the other types of P 2 receptors requires further investigation.
